1. Introduction {#sec1}
===============

Respiratory conditions such as asthma and croup are leading causes of hospitalization and emergency room use by children \[[@B1]--[@B3]\]. Asthma and allergy are common childhood conditions, and both genetic and environmental factors influence their expression \[[@B1]\]. The inflammatory airway responses associated with these conditions result from the stimulation by external agents of the TLR4 inflammatory pathway through genes such as CD14 located on the surface of immune response cells in the lungs as well as other organs. Both TLR4 and CD14 genes are codependent with MD2 in their roles as signalers of other mediators in the innate response to pathogens \[[@B1]\]. Unlike TLR4 A896G, a functional polymorphism in the Toll signaling pathway, whose primary response on the cell membrane is to the presence of lipopolysaccharide (LPS) from gram-negative bacteria, the CD14 gene appears to have a broader response to pathogen recognition \[[@B4]--[@B6]\]. It has a central role in innate immunity, as it can interact with several ligands, including LPS from gram-negative bacteria, components from gram-positive bacteria, fungi, and viruses \[[@B5]\]. CD14 has also been suspected to be a crucial link between innate and adaptive immunity in response to environmental antigens \[[@B3]\].

The associations of a history of croup and a common viral respiratory infection with CD14 have not been studied in young children although the association of croup with asthma is well known \[[@B7], [@B8]\]. While recurrent croup has been shown to be associated with gastroesophageal reflux and family history of croup \[[@B9], [@B10]\], its association with atopy is mixed \[[@B8]--[@B10]\]. Croup occurs in approximately 9% of children \[[@B7]\] and is more common in boys \[[@B8], [@B11]\]. As a recurring condition, it accounts for approximately 15% of emergency room visits per year by children \[[@B12]\].

The single nucleotide polymorphism (SNP) CD14 C-159T, located in the promoter region of the CD14 gene on chromosome 5, is the most widely studied of the CD14 polymorphisms. This SNP has been identified as being important in atopic responses that include serum IgE sensitization \[[@B13], [@B14]\] and positive skin prick testing to allergens \[[@B14]--[@B17]\]. It has also been known to be associated with decreased lung function \[[@B18]\] and increased wheeze \[[@B17]--[@B19]\]. These associations appear to be modified by age \[[@B17], [@B20]\]. However, the findings of the association of CD14 polymorphisms with atopy and serum IgE are still inconclusive with several studies finding no association \[[@B19]--[@B23]\]. Furthermore, studies assessing the role of the CD14 gene on asthma have focused primarily with the -C159T polymorphism and have found no association \[[@B14], [@B16], [@B18], [@B20]--[@B24]\], although one study identified an association with a decreased risk of atopic asthma for children with the T/T genotype of -C159T \[[@B25]\].

While CD14 C-159T has been well recognized as a marker for the true atopic-causing variant \[[@B26]\], it is suggested that haplotype combinations with less recognized SNPs of this gene may capture more variability in the disease trait than any one genotype alone \[[@B27]\]. CD14 G-1359T, in linkage disequilibrium with CD14 C-159T \[[@B28]\], has not been well studied for its importance for atopy and asthma. In one study the G/G genotype of -1359 was more common in mite sensitive children \[[@B23]\] and less common in European adults whose skin prick test (SPT) was positive \[[@B14]\].

The current investigation assessed the role of CD14, specifically CD14 SNPs C-159T and G-1359T, in the expression of asthma, croup, and atopy in a general rural Canadian population of Caucasian children. We also assessed the haplotype-trait associations for CD14 SNPs with atopy, asthma, and croup.

2. Methods {#sec2}
==========

In 2004 we conducted a cross-sectional study of respiratory outcomes and potential risk factors in young Canadian children (6--14 years) living in the primarily Caucasian rural community of Humboldt in Saskatchewan (population 5500). Following approval from local school boards, all children attending any of the three primary schools (grades 1 to 8), were approached for the study. The self-administered questionnaire, based on the ATS standardized children\'s respiratory questionnaire \[[@B29]\] and a questionnaire used in the 1993 Children\'s Humboldt Study \[[@B30]\], was distributed through the schools to parents of attending students. A separate lifestyle questionnaire assessing smoking history, physical activity, and eating patterns was completed by children 12 years or older at the time of school based clinical assessments.

The questionnaire provided information on sociodemographic factors, household exposures, and family history (parental and siblings) of pulmonary conditions including asthma and croup. Asthma was defined as a positive response to a previous or current history of doctor diagnosed asthma. Croup was identified as a past history of doctor diagnosed croup.

A history of farming exposure was present if the child currently lived on a farm or had participated in any of the following farming activities on a regular basis in the past 12 months: haying, harvesting, playing on hay bales, feeding livestock, cleaning pens or barns or emptying or filling grain bins. A positive history of environmental tobacco smoke exposure (ETS) was identified by a report of any smoking by family members in the home of study participants. For children 12 years and over, the definition of ETS exposure also included a positive report of either the participant smoking at least one cigarette in the past 12 months or being present when peers were smoking.

2.1. Skin Testing for Allergies {#sec2.1}
-------------------------------

Atopy was assessed by a positive skin prick test (SPT) of ≥3 mm compared with a saline control to any of the following allergens:*D. pteronyssinus*, mixed grasses (Western Allergy, Vancouver, CA) *D*.*farina*, Fel d 1, *Alternaria*, and positive (histamine) and negative (saline) controls (Omega Laboratories and Hollister-Stier, Mississauga, CA) \[[@B31]\].

2.2. DNA Extraction and Genotyping {#sec2.2}
----------------------------------

Buccal smears for DNA assessment following the protocol of Richards et al. \[[@B32]\] were taken from both the right and left buccal cavities of the mouth following a 30-second mouth rinse with clear water. Swabs were air dried and sealed in zip lock pouches for transport to the laboratory. In the laboratory, the buccal smear was immersed in 600 **µ**L of 50 nM NaOH contained in a polypropylene microcentrifuge tube and vortexed. The tube, containing the swab, was heated at 95°C for 30 minutes. The swab was carefully removed from the tube, leaving behind any residual liquid in the tube. The DNA solution was then neutralized with 60 *µ*L of 1 M Tris, pH8.0, and vortexed again. The buccal DNA was stored at 4°C. The polymorphisms were genotyped by polymerase chain reactions (PCR) and restriction enzyme digestion. Reagents for both CD14 C-159T and G-1359T PCR were 10x Gen Taq universal buffer, dNTPs (2,5 mM), and Taq polymerase %u/*u*L. For CD14 C-159T, the primers used to amplify the promoter regions were 5′-GTG CCA ACA GAT GAG GTT CACC-3′ and 5′-GCC TCT GAC AGT TTA TGT AAT C-3′. For CD14 G-1359T, the primers used were 5′-CTC AGG AAT CTG AGG CAA GA-3′ and 5′-CCC TAG ACC TCT GGG GAA AG-3′. Reagents used for restrictive enzyme digestion were Ava II (10 u/**µ**L for (C-159T)) and Fok I (4 u/**µ**L (G-1359T)). Products for all genotyping were then analyzed on a 3.0% agarose gel, following ethidium bromide staining.

2.3. Statistical Analysis {#sec2.3}
-------------------------

Hardy-Weinberg tests for homogeneity of polymorphisms were conducted for the 2 selected SNPs. Chi-squared tests were used to examine the associations between demographic characteristics and phenotypes (asthma, atopy, and croup). Fisher\'s exact tests were used to examine the associations between genotypes/haplotypes and asthma, atopy, and croup. Separate logistic regression models for phenotypes were used to examine associations with CD14 (C-159T and G-1359T) polymorphisms and haplotypes after adjusting for age, sex, passive smoking, and history of farm exposure. SNPs were examined jointly in each model by including them as independent variables in the models. SPSS Windows Version 18 (SPSS Inc., IL, USA) and the R statistical software package \[[@B33]\] were used for statistical analyses.

2.4. Linkage Disequilibrium (LD) and Haplotype-Trait Association for CD14 SNPs {#sec2.4}
------------------------------------------------------------------------------

Before performing the haplotype-trait association, assessment of LD between the two SNPs of the CD14 gene was performed using D′ statistic \[[@B31]\]. A value of D′ closer to one assumed a higher level of LD. The association between haplotypes (C*\|*G (referent), C*\|*T, T*\|*G, and T*\|*T) and respiratory phenotypes was performed in the R package \[[@B33]\] using logistic regression methods for each of the outcomes. The parameters were estimated using an expectation-maximization (EM) algorithm \[[@B34]\].

The study was approved by the Biomedical Research Ethics Board of the University of Saskatchewan. Parental and child informed consents/assents for all testing were obtained. Children could refuse participation any time during the study.

3. Results {#sec3}
==========

The response rate to the survey was 90.6% with 566 children returning questionnaires. Very few parents did not consent to genetic testing of their children (*n* = 28, 4.9%). Genotyping was unsuccessful for 2 children, and results for 3 children reported as non-Caucasian were excluded from the analysis. There were 533 children with results for all SNPs under study. The mean age of children was 9.9 years (standard deviation ± 2.32 years). SPT results were available for 499 children. The prevalence of asthma and croup was 18.6% and 6.6%, respectively. The prevalence of atopy was 22.4%.

[Table 1](#tab1){ref-type="table"} provides the distributions within the study population of personal characteristics and exposures of interest for each of the outcomes of asthma, any atopy, and croup. More boys than girls were sensitized to at least one allergen (*P* \< 0.01) or had a history of asthma (*P* = 0.05). 18.2% of children reported current exposure to ETS. The prevalence of ETS exposure in the home was 16.1%, and of the children 12--14 years, 7.2% were present when their peers were smoking. Neither exposure to smoking nor farming was significantly associated with the phenotypes under study.

More children had the heterozygous variant type (C/T) of CD14 C-159T (52.9%) than either the C/C wild type (29.3%) or T/T homozygous variant (17.8%). The distribution of genotypes for CD14 G-1359T was as follows: G/G = 56.5%, G/T = 35.8%, and T/T = 7.7%. All allele frequencies for each SNP under study were in Hardy-Weinberg equilibrium.

[Table 2](#tab2){ref-type="table"} presents univariate relationships between asthma, atopy, and croup and SNPs using Fisher\'s exact tests. Croup was reported less frequently for those with the C/C genotype of CD14 C-159T (2.6% versus 8.2 and 8.4% for C/T and T/T genotypes, resp.). Asthma was most prevalent for those with the T/T genotype of CD14 G-1359T (26.8%) and had the lowest prevalence for those with the G/G genotype (*P* = 0.10). Allergy was not significantly associated with genotypes of either SNPs ([Table 2](#tab2){ref-type="table"}).

The multivariate analyses conducted separately for asthma, croup, and atopy are displayed in [Table 3](#tab3){ref-type="table"} for both CD14 C-159T and CD14 G-1359T SNPs. When compared to those with the C/C genotype of CD14 C-159T, children with the C/T and T/T genotypes, has almost a 4-fold increased risk of croup (OR = 3.79; 95% CI: 1.13, 12.74 for C/T and OR = 3.77; 95% CI: 0.89, 16.03 for T/T), respectively. Asthma was not significantly associated with any of the CD 14 C-159T genotypes. Compared to those with the G/G genotype of CD14 G-1359T SNP, those with the T/T genotype had an increased risk of asthma (OR = 2.55; 95% CI: 1.05, 6.19). The direction of this association was similar for the G/T genotype but did not reach significance (*P* \> 0.05) ([Table 3](#tab3){ref-type="table"}). CD14 G-1359T genotypes were not significantly associated with croup or atopy. No significant interactions were found between genotypes of either CD14 SNPs and covariates in all analyses.

3.1. Haplotype Analysis {#sec3.1}
-----------------------

There was a high level of linkage disequilibrium between certain allelic combinations of the two CD14 SNPs with a D′ statistics of 0.918. The four possible haplotype combinations of alleles for CD14 C-159T and G-1359T were C*\|*G, C*\|*T, T*\|*G, and T*\|*T. Of the potential haplotype combinations, 43% of the population had the T*\|*G haplotype, 31% had the C*\|*G haplotype (reference category), and 25% had the T*\|*G haplotype. A very small percentage of subjects (1%) had the T*\|*T haplotype combination. We could not perform the haplotype analysis due to the zero cell count of the T*\|*T haplotype for those who had reported croup. However, this haplotype was associated with asthma (*P* = 0.014). No haplotype association was noted for atopy ([Table 3](#tab3){ref-type="table"}).

4. Discussion {#sec4}
=============

This study explored the importance of two SNPs in the promoter region of CD14 for asthma, croup, and atopy in a general population of school children. The C/T genotype of the CD14 C-159T SNP was associated with an increased risk for croup. We also observed that the T/T genotype of CD14 G-1359T SNP was important in the expression of asthma while the CD14 C-159T, an SNP commonly evaluated in studies for associations with asthma and atopy, was not. All associations between phenotypes under study and CD14 SNPs were independent of reported exposures to smoking and farm living.

There was strong linkage disequilibrium between polymorphisms in the analysis of haplotype associations. Our findings suggest that the haplotype associations of these two polymorphisms are of limited importance for asthma, atopy, and croup. The only significant association was seen for a small number of children who had asthma and the T*\|*T haplotype combination. Furthermore, no children with croup had the T*\|*T haplotype restricting the analysis for croup.

The results of previous studies investigating relationships between CD14 C-159T polymorphism and asthma or allergy demonstrate considerable variation in the direction of associations and the significant genotypes involved. Similar to our study, other studies have found no association between CD14 C-159T genotypes and asthma \[[@B14]--[@B16], [@B20]--[@B24]\].

Importantly, our study found that children with either the C/T or T/T variants of CD14 C-159T polymorphism were more likely to have a history of croup than those with the C/C variant. The findings of polymorphisms associated with croup are novel. The low prevalence of croup in children with the homozygous C/C (2.6% versus 8.2--8.4% with other variants of CD14 C-159T) suggests that children with the C/C variant are more protected against croup illness in childhood.

The primary agents reported to be responsible for croup are the Para influenza viruses, although the respiratory syncytial virus (RSV) has also been identified as a causative agent \[[@B12]\]. Besides the primary role of CD14 as a coreceptor with TLR4 and MD-2 in the detection of LPS, the CD14 gene is also important in the recognition of mediator cells of other proinflammatory agents including viruses \[[@B5]\]. Thus it seems likely that the CD14 gene may influence the innate immune response to a viral associated condition such as croup. To our knowledge the assessment of the potential roles of CD14 SNPs in the expression of croup has not been previously reported.

Study results surrounding the -159 SNP and allergic phenotypes have been controversial. A decreased serum IgE level in those who were also SPT positive has been associated the T/T genotype \[[@B13], [@B21]\], while an increased serum IgE level has been associated with the C/C genotype in another study but only in skin positive subjects \[[@B16]\]. Atopic evaluation by SPT may have more relevance for the CD14 C-159T polymorphism \[[@B14], [@B16], [@B17], [@B19]\], and specific allergens may be of special interest \[[@B14], [@B19]\].

Our findings add to current understanding of the potential importance of the CD14 G-1359T SNP for asthma phenotypes. Previous studies to date have found no association between CD14 G-1359T and asthma or asthma related symptoms \[[@B14], [@B24]\]. However, the -1359 genotypes, particularly with the G/G variant appear to be important for house dust mite (HDM) atopy \[[@B23], [@B35]\].

Environmental endotoxin exposures such as those found in homes, in farms, or with cigarette smoke can be effect modifiers in the associations between asthma, asthma-like symptoms, or atopy and the CD14 C-159T genotypes \[[@B19], [@B28], [@B36], [@B37]\]. In this study, neither smoking nor farming exposures notably altered the statistical associations between any of the SNPs and phenotypes under study.

This study is characterized by excellent response rates to the questionnaire, skin testing and genetic testing, and provides support for the role of two CD14 SNPs at -1359 and -159 for asthma and croup phenotypes. The distributions reported in this study of CD14 C-159T genotypes were similar to previously reported information for children \[[@B13], [@B14], [@B17], [@B20], [@B24]\].

A potential limitation of this study is the use of questionnaire data to define two of the three phenotypes evaluated here (i.e., asthma and croup). Questionnaire reports of physician reported asthma have been used by others and have been found to be reliable \[[@B38], [@B39]\]. However, associations identified still require careful consideration of the lack of a gold standard for asthma at this time.

We relied on parental recall of croup, which could have led to potential misclassification of the phenotype, particularly for parents of older children, as this condition usually occurs between 6 months and 5 years of age \[[@B12]\]. However, croup is a dramatic, acute condition of the airways that often requires hospital emergency room intervention \[[@B8]\] and, as such, might assist in its recall by parents \[[@B7]\].

We were unable to control certain potential inheritable or congenitally related risk factors in our multivariate analysis for croup including croup frequency, family history of croup, gastroesophageal reflux, and anatomical variations. Family history has been reported to be associated with both recurrent and first episode of croup \[[@B10]\]. The frequency of gastroesophageal reflux in the current study was very low (1.7%), limiting its usefulness for the analyses. This study did not lend itself to assessment of anatomical variations associated with croup, although a previous study identified that 49% of children with recurrent croup who underwent endoscopy had a grade 1, mildly abnormal, subglottic stenosis \[[@B40]\]. Thus, further information on causative agents of physician diagnosed croup and knowledge of the responsible agent would be important in determining why those with the C/C variant of CD14 C-159T were less likely to report a history of croup.

This study identified associations between asthma with CD14 G-1359T polymorphism that has only been previously noted for atopy and serum IgE. The -159 polymorphism of CD14 appears to play a role in the expression of croup, and a much wider examination of the role of other genes is required through genome wide association studies. Further investigation of the role of genetic influences for croup should be considered. For a limited number of children with the homologous alleles T/T of CD14 C-159T and G-1359T, there may be an increased risk of asthma.

This study was supported by a grant from the Canadian Institutes of Health Research *Endotoxin and the Lung* (Grant no. MOP-57907). Special thanks go to Mr. Keigo Yurube for his contribution to genotyping analysis. The contribution of all the children and parents who donated their time to this study and the schools who permitted access to the children was invaluable.

###### 

Demographics characteristics of asthma, atopy, and croup groups.

  Characteristics       Asthma (*n* = 533)   Atopy (*n* = 499)   Croup (*n* = 533)                             
  --------------------- -------------------- ------------------- ------------------- ------------ ------------ ------------
  Mean age (SD) years   9.7 (2.2)            9.9 (2.3)           10.3 (2.3)^\#^      9.8 (2.3)    10.5 (2.4)   9.8 (2.3)
  Sex                                                                                                           
   Male                 56 (22.0)^\#^        199 (78.0)          68 (27.6)\*\*       178 (72.4)   18 (7.1)     237 (92.9)
   Female               43 (15.5)            235 (84.5)          44 (17.4)           209 (82.6)   17 (6.1)     261 (93.9)
  ETS exposure                                                                                                  
   Yes                  19 (19.6)            78 (80.4)           19 (20.4)           74 (79.6)    8 (8.2)      89 (91.8)
   No                   80 (18.3)            356 (81.7)          93 (22.9)           313 (77.1)   27 (6.2)     409 (93.8)
  Farming exposure                                                                                              
   Yes                  45 (20.5)            175 (79.5)          46 (21.7)           166 (78.3)   13 (5.9)     207 (94.1)
   No                   54 (17.3)            259 (82.7)          66 (23.0)           221 (77.0)   22 (7.0)     291 (93.0)

\*\**P* \< 0.01,  ^\#^*P* \< 0.10.

Mean comparison of yes/no groups performed using Student\'s *t*-test. Frequency comparison of yes/no groups performed using Chi-square test. *n* number and the numbers in parenthesis are the percentages.

###### 

Distribution of CD14 polymorphism and haplotypes by asthma, atopy, and croup.

                  Asthma (*n* = 533)   Atopy (*n* = 499)   Croup (*n* = 533)                             
  --------------- -------------------- ------------------- ------------------- ------------ ------------ ------------
  Genotypes                                                                                               
   CD14 C-159T                                                                                            
    C/C           30 (19.2)            126 (80.8)          31 (21.8)           111 (78.2)   4 (2.6)^1^   152 (97.4)
    C/T           53 (18.8)            229 (81.2)          55 (20.5)           213 (79.5)   23 (8.2)     259 (91.8)
    T/T           16 (16.8)            79 (83.2)           26 (29.2)           63 (70.8)    8 (8.4)      87 (91.6)
   CD14 G-1359T                                                                                           
    G/G           47 (15.6)^2^         254 (84.4)          68 (23.6)           220 (76.4)   22 (7.3)     279 (92.7)
    G/T           41 (21.5)            150 (78.5)          33 (18.9)           142 (81.1)   11 (5.8)     180 (94.2)
    T/T           11 (26.8)            30 (73.2)           11 (30.6)           25 (69.4)    2 (4.9)      39 (95.1)
   Haplotypes                                                                                             
    C\|G          28 (16.9)^3^         138 (83.1)          31 (19.9)           125 (80.1)   8 (4.8)      158 (95.2)
    C\|T          29 (22.0)            103 (78.0)          27 (22.7)           92 (77.3)    8 (6.1)      124 (93.9)
    T\|G          39 (17.0)            191 (83.0)          53 (24.2)           166 (75.8)   19 (8.3)     211 (91.7)
    T\|T          3 (60.0)             2 (40.0)            1 (20.0)            4 (80.0)     0 (0.0)      5 (100.0)

*n* number and the numbers in parenthesis are the percentages. For genotype and haplotype analysis, significance difference of yes/no groups was performed using Fisher\'s exact test.

^1^ *P* = 0.05, ^2^*P* = 0.10,  ^3^*P* = 0.06.

###### 

Multivariate logistic regression adjusted odds ratios for respiratory conditions for selected CD14 polymorphisms and haplotypes.

  Models             Asthma (*n* = 533)       Atopy (*n* = 499)   Croup (*n* = 533)                
  ------------------ ------------------------ ------------------- ------------------------ --- --- ---
  Genotypes model                                                                                   
   CD14 C-159T                                                                                      
    C/C              1.00                     1.00                1.00                             
    C/T              1.20 (0.68, 2.11)        0.97 (0.55, 1.72)   **3.79 (1.13, 12.74)**           
    T/T              1.37 (0.61, 3.06)        1.40 (0.67, 2.94)   3.77 (0.89, 16.03)               
   CD14 G-1359T                                                                                     
    G/G              1.00                     1.00                1.00                             
    G/T              1.65 (0.97, 2.80)        0.86 (0.51, 1.45)   0.98 (0.43, 2.25)                
    T/T              **2.55 (1.05, 6.19)**    1.63 (0.67, 3.97)   1.71 (0.31, 9.52)                
  Haplotypes model                                                                                  
    C\|G             1.00                     1.00                1.00                             
    C\|T             1.36 (0.88, 2.10)        1.16 (0.77, 1.75)   \$                               
    T\|G             1.04 (0.69, 1.57)        1.21 (0.82, 1.79)   \$                               
    T\|T             **7.17 (1.49, 34.40)**   0.73 (0.08, 6.39)   \$                               

^\#^Adjusted for age, sex, ETS, and farming exposure. OR: odds ratio; CI: confidence interval. ^\$^Not reported due to zero counts in the cell of T\|T with croup (see [Table 2](#tab2){ref-type="table"}). Significance results are bold.

[^1]: Academic Editor: Chih-Hung Ku
